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ABSTRACT
Experimental investigation was conducted on corroded composite push-out specimens to study the
behavior of shear studs subjected to fatigue loading. A total of eight standard EC4 push-out specimens
were tested. The expected corrosion rate of test specimens ranged from 0 to 50%. The main purpose of
these tests was to determine the fatigue life and the reduction effect caused by the corrosion on the fatigue
life. The effect of corrosion on the fatigue crack, load-slip curves, and failure modes was also studied. In
addition, the test results were compared with current Eurocode design predictions, which is only for specimen
without corrosion. It is shown that the current Eurocode design predictions are quite conservative for the test
specimens in this study. Design equations were also proposed for fatigue life of corroded composite push-out
specimens.
1. INTRODUCTION

component in the infrastructure system, are extremely
vulnerable to the combined action of corrosion and
fatigue. The action could possibly bring major threats
on structural safety and lead to catastrophic failure,
such as the tragedy of the collapse of the Silver
Bridge in 1967 (LeRose, 2001). Recent research has
been carried out on the corrosion fatigue behavior
of reinforcing bar or steel beams in the bridge
(Apostolopoulos, 2007; Kashani, Lowes, Crewe, &
Alexander, 2014; Xu & Wang, 2015; Zhang & Yuan,
2014). It is shown that corrosion-induced fatigue
strength reduction has a large effect on fatigue life.
Fatigue life could reduce more than 60% for the low
corrosion condition and more than 70% for the
medium and high corrosion condition. However, there
is lack of corrosion fatigue behavior of shear stud
connector for composite bridges. This paper deals
with the results of the experimental studies on the
behaviour of corroded headed shear studs subjected
to unidirectional cyclic loading. Based on the test
results, load-slip curves and ultimate strengths of
specimens having different corrosion rates were
evaluated. In addition, the suitability of current design
equations for corrode stud shear connectors was also
evaluated.

Normally, shear connectors are used at the steel and
concrete interface to provide interaction between
the concrete slab and steel girder. Headed stud
shear connectors are the most common type of shear
connectors and are used in steel–concrete composite
bridges for its economic and fast application.
Especially in bridges due to traffic actions, these studs
are subjected to high-cycle fatigue loading. Most of the
data on connectors have been obtained from various
types of push-out test. Since the 1960s, various
researchers have conducted a great number of cyclic
push-out tests to determine the fatigue life of shear
connectors (Akao, Kurita, & Hiragi, 1982; Feldmann,
Gesella, & Leffer, 2006; Feldmann, Hechler, Hegger, &
Rauscher, 2008; Hanswille, Porsch, & Ustundag,
2007; Johnson, 2000; Leea, Shimb, & Changc,
2005; Nakajima et al., 2003; Oehlers, 1989; Slutter &
Driscoll, 1965; Veljkovic & Johansson, 2006)
Although safety factor in initial design may delay
the occurrence of fatigue problems, the priori
negligence of corrosion pits in structural integrity
analysis may lead to significant overestimation of the
damage tolerance ability of existing steel structures
(Petroyiannis, Kermanidis, & Akid, 2005). There is
lack of protection between the concrete slab and steel
girder interface and also makes corrosion difficult to
be detected. The corrosion will damage the studs and
the steel girders.

2.

EXPERIMENTAL INVESTIGATION

2.1 Test specimens

Test specimens were fabricated according to the
standard push test specimen specified in Annex B of
Eurocode (2004). Slabs of 150 mm thickness were
used, and bond at the interface between the flanges
of steel beam and the concrete slab was prevented by
greasing the flange. Each of both concrete slabs was

Corrosion fatigue, which refers to the joint interaction
of corrosive environment and repeated dynamic
stressing, is more detrimental than that of either one
acting separately (Stephens, Ratemi, Stephens, &
Fuchs, 2000). Bridges, which serve as a major link
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cast in the horizontal position, as is done for composite
beams in practice, and the push test specimens were
air cured. The details of the specimens are shown in
Figure 1. The test specimens were labeled that the
excepted corrosion rate could be identified from the
label. For example, the labels “SPS-10” and “FPS-00-1”
define the specimens as follow:
•

The first three letters “SPS” and “FPS” refer to
static push test specimen and fatigue push test
specimen, respectively.

•

The following two digits (00 and 20) indicate the
expected corrosion rates of stud in percentage.

•

The last digit “1,” “2,” or “3” indicates the test
specimens having the same corrosion rate but
different load amplitude.

Table 1. Material properties of concrete.
Specimen

Ec (MPa)

fcu (MPa)

1

3.31 × 10

4

43.9

2

3.36 × 104

44.3

3

3.38 × 10

4

45.2

Average

3.35 × 10

4

44.5

2.3 Accelerating corrosion process

All specimens, except the uncorroded one (control
specimen), were immersed in a 5% NaCl solution
for 3 days after cured for 28 days, then the direction
of current about 0.2 mA/cm2 was arranged for
accelerating stud corrosion, studs worked as the
anodes, whereas a piece of stainless steel positioned
in the solution served as cathode, as shown in
Figure 2. The I-section steel beam was isolated by
epoxy resins, so that corrosion only occurs at the stud
and steel–concrete interface, as shown in Figure 2.
The corrosion time of each specimen was determined
based on the expected corrosion rate. The Faraday’s
theory is used to calculate the corrosion time. The
calculated results are shown in Table 2. It should be
noted that the actual corrosion rates of test specimens
may differ from those expected corrosion rates.
Table 2. Excepted stud corrosion rate and actual corrosion time of
test specimens.
Specimen
F series

Electronic
density
(mA/cm2)

Excepted
corrosion
rate (%)

Corrosion
time (days)

0.2

0

0

0.2

10

62

0.2

20

124

0.2

30

186

0.2

40

248

0.2

50

310

FPS0-1
FPS0-2
FPS0-3
SPS-0
Figure 1. Details of push-out test specimens.

2.2 Material properties and measurements

Three concrete cubic specimens were prepared at the
time of push test specimen casting, to determine the
concrete strength of the push test specimens. Table 1
summarizes the material properties of concrete at
28 days. Studs with the nominal diameter of 10.0 are
used in this study. Tensile tests for the stud material
were conducted. The yield stress from the tensile
tests was determined by 0.2% strain, because the
steel for studs generally does not show clear yielding
point. The yield strength and tensile strength of
stud material are 275 and 392.3 MPa, respectively,
whereas the elastic modulus is 1.94 × 105 MPa.
Quality control of welding process is a very important
factor since the effect of welding quality may cover
the effect of corrosion. Therefore, welding trials were
carried out to obtain proper and reliable welding
quality.

FPS10
SPS10
FPS20
SPS20
FPS30
SPS30
FPS40
SPS40
FPS50
SPS50

Figure 2. Electronic accelerating corrosion of push test specimens.
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2.4 Loading test setup and procedure

The experimental program consists of a total of two
series test specimens. In the first series, static tests
were performed to determine the ultimate static load
PU of the corroded push-out specimen, as shown in
Table 3. The static testing procedure complied with
the method specified in Eurocode 4 Annex B (2004).
The ultimate static load represents the relative
values of loading parameter required for cyclic
tests for the second series tests. Using the relative
loading parameters, load-controlled cyclic test was
performed to determine the fatigue life Nu of the
push-out specimen. The maximum load (PF-max) and
minimum load (PF-min) for the cyclic test were 0.65 PU
and 0.45 PU, respectively. The chosen maximum and
minimum load for each specimen are summarized in
Table 3.
Table 3. Static ultimate strength and corresponding fatigue load of
test specimens.
Static ultimate
strength
Specimen

Fatigue test load

PU (kN)

PF-max (kN)

PF-min (kN)

SPS0

344

222

160

SPS10

326

211

146

SPS20

299

193

134

SPS30

270

176

122

SPS40

241

158

109

SPS50

215

140

97

Corroded push test specimens were loaded in an
Instron 8805 fatigue testing machine with loading
capacity of 1000 kN, as shown in Figure 3. The
slabs are bedded onto the lower platen of the testing
machine, and load is applied to the upper end of
the steel section. Slip between the steel member
and the two slabs is measured using LVDTs. The
data were obtained by a CRONOS compact 400-08
acquisition instrument. The monotonic tests were
conducted at a displacement rate of 0.3 mm/min.
The time taken to reach the ultimate load was about
40 min. Cyclic tests were conducted with a load
frequency of 7 Hz.
During the tests, the time load from the actuator load
cell, ram displacement from the built-in transducer in
the actuator, longitudinal displacement between the
concrete slab and steel beam, and uplift of the slabs
were measured. The ram displacement included
movement due to the compliance of the test rig,
and therefore, it was not used in any subsequent
data analysis. The longitudinal displacements were
measured by two LVDTs on each steel flange to
which the studs were welded, as shown in Figure 3.

Figure 3. Test setup.

3.

TEST RESULTS

3.1 Measurement of stud corrosion rate

The corroded studs were retrieved from the failed
specimens and the corrosion product was cleaned
using a corrosion-inhibited HCl solution (Bertoa,
Simionib, & Saettab, 2008), as shown in Figure 4. It
is shown that the corrosion is uneven distributed. With
increasing corrosion time, pits corrosion gradually
transformed to wide-shallow pit (Xu & Wang, 2015).
The area loss of the steel stud (∆A) was estimated
afterwards by subtracting the post-corrosion area from
the measured pre-corrosion area. The post-corrosion
area of stud was calculated using the measured
diameter of the shank of the stud. The measured
diameter of the shank was used to calculate the
corrosion rate of each stud (y) as: y = (A - ∆A)/A%.
The average corrosion rate of eight studs is taken
as the corrosion rate of each push test specimen,
as shown in Table 4. It is shown that the measured
corrosion rates of push test specimens are different
from those expected corrosion rates. Although all those
studs failed at the bottom of the shank, the corrosion
rate along the whole length of the shank provides a
reasonable description of the corrosion state.
Table 4. Measured corrosion rates of test specimens.
Specimen

Excepted corrosion
rate (%)

Measured corrosion
rate (%)

FPS10

10.0

5.42

SPS10

10.0

5.31

FPS20

20.0

16.87

SPS20

20.0

19.02

FPS30

30.0

25.02

SPS30

30.0

28.40

FPS40

40.0

34.59

SPS40

40.0

36.02

FPS50

50.0

47.04

SPS50

50.0

51.62
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of each headed stud were examined. The examined
fracture surfaces consist of the typical dull fatigue
fracture and bright forced fracture zones, where in
the fatigue tests the former one is formed by cracks
propagating to a critical length and the second one due
to forced shear fracture (Van der Walde & Hillberry,
2007). Typical fracture of fatigue specimen FPS40
is shown in Figure 6. It is different from the fracture
surface of the stud in static test, as shown in Figure 5.

Figure 4. Corroded studs of test specimens.

Figure 6. Stud fracture surface of specimen FPS-40.

3.3.2 Fatigue life
3.2 Static strength

In this study, the failure mode of all push test
specimens is stud failure. Figure 5 shows typical stud
failure of the test specimens. The ultimate strengths of
test specimen series are shown in Table 3. It is shown
that the ultimate strengths of test specimens decrease
when the corrosion rate increases. The maximum
ultimate strength reduction rate of test specimen
SPS series is 62.5%. It means that the corrosion
has significant effect on the ultimate strengths of test
specimens.

It can be seen that the fatigue resistances of corroded
specimens gradually decreased and their fatigue life
ranged from 30 to 80% compared with the uncorroded
specimens, as shown in Tables 5 and 6. This is much
better than the observations of other investigators
(Xu & Qiu, 2013) who reported fatigue life reduction
of about six to eight times for pitted steel specimens
under constant amplitude tension–tension loading. The
reason may be that the applied cyclic load decreased
when the corrosion rate of specimens increased in
this study. Another reason may be that the fracture
position always at the bottom of the shank, where may
not be the place of deepest corrosion pit as specimen
in tension.
Table 5. Comparison of fatigue life prediction with test results of
uncorroded test specimens.

Specimens

Dsn
(N/mm2)

Nt
(104)

NR,EC4
(104)

NR,prop1
(104)

NR,EC4

NR,prop1

Nt

Nt

FPS0-1

149.2

23.9

5.4

23.8

0.226

0.918

FPS0-2

119.4

92.0

32.1

93.0

0.349

1.027

FPS0-3

102.8

183.4

106.3

182.1

0.579

1.055

Mean

0.385

1.000

COV

0.381

0.059

Figure 5. Stud fracture surface of specimen SPS-20.

3.3 Fatigue test results and discussion
3.3.1 Failure mode

To investigate the reasons for the reduction of the
fatigue life, the concrete slabs were separated from
the steel beam, and the fractured surfaces at the foot

3.3.3 Maximum slip at every load cycle

In case of cyclic loading the load–deformation
behavior is characterized by an increasing slip and a
decreasing elastic stiffness. In Figure 7, the maximum
slip corresponding to the peak load at every cycle is
plotted against the number of cycles for fatigue test
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Table 6. Comparison of fatigue life prediction calculated using
nominal stress with test results of corroded test specimens.
NR,EC4

NR,prop2

Nt

Nt

94.8

0.910

1.185

158.0

74.7

2.195

1.038

320.9

60.1

4.552

0.852

698.2

47.3

13.050

0.884

1985.2

34.3

62.036

1.072

Mean

—

1.006

COV

—

0.123

Specimens

Dsn (N/
mm2)

Nt
(104)

FPS10

107.8

80

72.8

FPS20

97.8

72

FPS30

89.5

70.5

FPS40

81.3

53.5

FPS50

71.3

32

NR,EC 4
(104)

NR,prop2
(104)

specimens. The beginning and the end of the lifetime
are associated with a steep increase in the maximum
slip with the number of cycles, whereas in the
remaining part of the lifetime a nearly linear increase
of the maximum slip occurs with the number of cycles.
The steep increase in the maximum slip at the end
of lifetime occurs earlier for specimens having larger
corrosion rate. The maximum slip value at each cycle
increased with the increasing corrosion rate. It may
be explained that the corrosion reduce the fatigue
performance of the stud connectors.
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Eq. (1) by using curve fitting method, as shown Eq. (2).
It is shown that the prediction from the proposed
equation agree with the test results well.
 102.2 
NR,prop1 = 

 ∆τ R 

5.540

× 200 (2)

For the corroded specimens, Eq. (1) was also used to
predict the fatigue life. However, two kinds of stress
amplitude were used, one is the nominal stress and the
other is real stress. The nominal stress is calculated
by using the cross-section area of uncorroded stud
connectors. The real stress is calculated by using
the reduced cross-section area of corroded stud
connectors. The fatigue life of corroded test specimens
predicted using the nominal stress was shown in
Table 7 and Figure 8. It is shown that the fatigue life
increased with the increasing corrosion rate. This
is caused by the reduced nominal stress calculated
using the reduced load but unchanged cross-section
area of stud connectors. The curve fitting equation of
the nominal stress prediction was shown in Eq. (3),
which is only for comparison in Figure 8.
NR,prop2

 146.0 
=

 ∆τ R 

−2.460

× 200 (3)

Figure 7. Maximum slip at each fatigue load cycle.

4.

DESIGN METHOD OF FATIGUE LIFE

Current Eurocode (2004) provides design method for the
fatigue life of uncorroded stud, as shown in Eq. (1). The
design shear resistance of a headed stud in accordance
with Eurocode 4 should be determined from:
( ∆τ R )m NR = ( ∆τ c )m Nc (1)
where NR is the fatigue life corresponding to the
load amplitude DtR; DtC is the load amplitude at the
reference point, DtC = 95.0 N/mm2; Nc is the fatigue
life at the reference point, Nc = 2,000,000; m is the
parameter, m = 8.
The design strengths predicted using Eurocode
(2004) are compared with test results of uncorroded
specimens in Table 6. It is shown that the design
predictions are very conservative as it is stated in the
Eurocode 4. A new equation is proposed based on

Figure 8. Comparison of design prediction with test results.
Table 7. Comparison of fatigue life prediction calculated using real
stress with test results of corroded test specimens.

Specimens

Dsn
(N/mm2)

Nt
(104)

NR,EC4
(104)

NR,prop2
(104)

NR,EC4

NR,prop3

Nt

Nt

FPS10

114.0

80

46.6

86.4

0.583

1.080

FPS20

117.7

72

36.0

71.6

0.501

0.994

FPS30

119.4

70.5

32.1

65.7

0.455

0.932

FPS40

124.2

53.5

23.4

52.2

0.437

0.976

FPS50

134.6

32

12.3

32.6

0.384

1.020

Mean

0.472

1.000

COV

0.142

0.049
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The fatigue life of corroded test specimens predicted
using the real stress was shown in Table 7 and
Figure 8. It is shown that the fatigue life decreased
with the increasing corrosion rate, which means
that the corrosion reduce the fatigue performance
of the stud connectors. The curve fitting equation of
the real stress prediction was shown in Eq. (4). It is
shown that the fitting curve agree with the test results
well, as shown in Figure 8. It is also shown that the
Eurocode 4 predictions using the real stress are
very conservative. However, the load in the practical
engineering structures nominal remains constant
during the whole life of the structures. Thus, the real
stress will increased with the increasing corrosion rate
of stud connectors, which may result in the further
reduction of fatigue life.
 98.7 
NR,prop3 = 

 ∆τ R 

5.838

× 200 (4)

5. CONCLUSION
Fatigue test of steel and concrete composite
push test specimens with corrosion deterioration
was conducted in this study. Static test was also
conducted for ultimate strength reference. The test
specimens were first electronic accelerating corroded
then loaded to failure. All specimens failed in stud
connectors’ facture failure. Based on the test results,
the effect of corrosion on the maximum slip at each
load cycle and fatigue life was studied. It is shown
that the maximum slip value at each cycle increased
with the increasing corrosion rate. It is also shown
that the fatigue life increased with the increasing
corrosion rate at the similar load amplitude. Test
results obtained from the loading tests were compared
with fatigue life predicted by current Eurocode 4. It
is shown that the fatigue life was very conservative
for uncorroded specimens. New design equation with
reasonably accuracy was proposed, which enables
the designer to consider the effect of corrosion on the
fatigue life.
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